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to an outer surface of the barrier. The barrier prevents
intrusion of the resin between the barrier and the liner 1n the
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METHODS OF PREVENTING FAILURE OF
CORRUGATED TUBE IN TYPE 1V
PRESSURE VESSELS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 62/814,007, filed on Mar. 5, 2019.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a type IV pressure vessel
for storage of compressed gas. More particularly, the inven-
tion relates to a type IV pressure vessel having a corrugated
polymer liner with a barnier applied to the liner prior to
covering the liner with fiber and resin.

2. Description of Related Art

Type IV pressure vessels for storage of compressed gas
comprise a non-metallic liner that 1s fully wrapped with
fibers and a resin matrix. The resin matrix typically com-
prises a polyester or epoxy resin. The type IV pressure vessel
generally includes a metal pressure vessel closure that
includes a valve.

Type IV pressure vessels are desirable for use 1n vehicles
since the type IV pressure vessels have lower weight per unit
volume of the pressure vessel 1n comparison to other types
of pressure vessels. The type IV pressure vessels are formed
from a non-metallic liner and covered with fiber and resin.
Other types of pressure vessels generally have higher weight
per volume of the pressure vessel than the type IV pressure
vessels since other types of pressure vessels include more
metal than 1n the type IV pressure vessel. For example, type
I pressure vessels comprise a metal cylinder. Type II pres-
sure vessels comprise a metal cylinder that 1s partially
wrapped with fiber material. Type III pressure vessels com-
prise a metal liner that 1s fully wrapped with fiber. Thus, type
IV pressure vessels are preferred for vehicle use due to the
lower weight associated with using a polymer liner 1n place
ol a metal liner.

Vehicles are optionally equipped with type IV pressure
vessels when the vehicle includes a hydrogen fuel cell
and/or when the vehicle uses compressed natural gas as a
tuel. While other types of pressure vessels, such as types
I-111, can be used for vehicles, type IV 1s preferred due to the
lower weight of the pressure vessel.

A known method of manufacturing pressure vessels hav-
ing a polymer liner 1s disclosed in U.S. publication 2016/
363265 wherein fiber 1s braided around a corrugated poly-
mer liner and coated with resin. The polymer liner has a
generally tubular shape having a corrugated portion. The
corrugated portion includes a plurality of spaced apart ridges
extending circumierentially around the liner with a groove
between adjacent ridges. Air space between adjacent ridges
defines an annular cavity. The polymer liner 1s covered with
braided fiber and liquid resin prior to the resin being cured
to form a hard outer surface. The cured coated polymer liner
1s assembled with a metal pressure valve to form the type IV
pressure vessel.

However, sometimes the liquid resin does not completely
{11l the annular cavities of the corrugations and results 1n air
pockets in the annular cavities. When the pressure vessel 1s
pressurized, pressure 1s evenly applied along the internal
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surface of the liner. When air pockets are present in the
annular cavities, 1n particular when air bubbles are trapped
along one side wall of the groove, pressure applied to the
liner 1s not evenly supported by the resin. The strain on the
liner adjacent the air pockets can result 1n the liner blistering
outward toward the resin. The distortion of the liner may
result 1 leaks. In certain mstances, the liner can rupture in
the area of the air pocket, accelerating leakage of com-
pressed gas through the liner.

It 1s desirable, therefore, to provide a type IV pressure
vessel having a liner with corrugated sections that are
resistant to leakage through the corrugated sections. It 1s also
desirable to avoid rigid air pockets forming between the
resin and the liner. Further, it 1s desirable to provide uniform
support along annular cavities of the corrugations to reduce
strain on the liner. Finally, 1t 1s desirable to include a barrier
between the liner and resin covering the liner such that resin
does not contact the corrugated sections of the liner.

SUMMARY OF THE INVENTION

A method 1s provided for reducing leaks 1n type IV
pressure vessels having a liner with a corrugated section.
The method includes providing a liner having a tubular
portion with a corrugated section including circumierential
corrugations providing alternating rnidges and grooves
arranged from one end to an opposing end of the corrugated
section, applying a barrier to an outer surface of the corru-
gated section from one end to an opposing end of the
corrugated section such that air voids are formed in annular
cavities between the liner and the barrier; and applying resin
to an outer surface of the barrier. The barrier prevents
intrusion of the resin between the barrier and the liner 1n the
corrugated section.

BRIEF DESCRIPTION OF THE DRAWINGS

Advantages of the present invention will be readily appre-
ciated as the same becomes better understood by reference
to the following detailed description when considered in
connection with the accompanying drawings wherein:

FIG. 1 1s a cross-sectional view of a portion of a type IV
pressure vessel, according to one embodiment of the present
invention;

FIG. 2 1s a fragmentary side view of a liner, according to
one embodiment of the present ivention;

FIG. 3 1s a cross-sectional view of a portion of the liner
of FIG. 2

FIG. 4 1s an enlarged view of the liner of FIG. 3;

FIG. 5 1s an enlarged cross-sectional view of a generally
known corrugated liner coated with resin and fiber;

FIG. 6 1s an enlarged cross-sectional view of the generally
known corrugated liner coated with resin and fiber of FIG.
5, 1llustrating internal pressurization;

FIG. 7 1s an enlarged cross-sectional view of the liner of
FIG. 2 having a barrier applied to the liner, according to one
embodiment of the present invention;

FIG. 8 1s an enlarged cross-sectional view of the liner of
FIG. 7 having a resin fiber composite applied to the barrer;

FIG. 9 1s an enlarged cross-sectional view of the liner of
FIG. 2 having a barrier applied to the liner and a resin fiber
composite applied to the barrier;

FIG. 10 1s an enlarged cross-sectional view of the liner of
FIG. 7 with a resin layer applied to the barrier and a fiber
layer applied to the resin layer, according to another embodi-
ment of the present invention;
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FIG. 11 1s an enlarged cross-sectional view of the liner of
FIG. 7 with a fiber layer applied to the barrier and a resin

layer applied to the fiber layer, according to another embodi-
ment of the present invention;

FIG. 12 an enlarged cross-sectional view of the liner of
FIG. 8;

FIGS. 13A and 13B are enlarged cross-sectional views of
a corrugated section of the liner of FIG. 2 with a thermo-
plastic barrier applied to the liner and a resin fiber composite
applied to the thermoplastic barrier as manufactured and
aiter undergoing a plurality of pressure cycles, according to
another embodiment of the present invention;

FIGS. 14A and 14B are an enlarged cross-sectional views
of a corrugated section of the liner of FIG. 2 with an
clastomeric barrier applied to the liner and a resin fiber
composite applied to the elastomeric barrier as manufac-
tured and after undergoing a plurality of pressure cycles,
according to another embodiment of the present invention;

FIGS. 15A and 15B are enlarged cross-sectional views of
a portion of a pressure vessel 1llustrating a liner, an elasto-
meric barrier applied to the liner, and resin fiber composite
applied to the barrier as manufactured and after undergoing
a plurality of pressure cycles, according to another embodi-
ment of the present mnvention;

FIGS. 16 A and 16B are enlarged cross-sectional views of
a corrugated segment of the liner of FIG. 2 with a dry fiber
barrier applied to the liner with resin applied to the dry fiber
barrier as manufactured and after undergoing a plurality of
pressure cycles, according to another embodiment of the
present ivention; and

FIGS. 17A and 17B are enlarged cross-sectional views of
a corrugated segment of the liner of FIG. 2 coated with resin
including a wetting agent followed by application of a fiber
layer to the resin as manufactured and after undergoing a
plurality of pressure cycles, according to another embodi-
ment of the present mnvention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Referring to the Figures, like numerals indicate like or
corresponding parts throughout the several views.

A type IV pressure vessel 10 1s shown in FIG. 1, accord-
ing to one embodiment of the present invention. The pres-
sure vessel 10 1s formed from a liner 12 covered with a
barrier 14, fiber 16, and resin 18, as shown 1n FIG. 1. One
or both ends 20 of the liner 12 generally are fluidically
connected to a valve 22 to form a sealed pressure vessel 10.
The opposing end 20 of the coated liner 12 can likewise be
assembled with a valve 22 or can be enclosed by other
commonly known methods.

Once fully assembled, the pressure vessel 10 1s suitable
for storage of liquids, compressed gases and/or compressed
liquids, such as hydrogen, natural gas, helium, dimethyl
cther, liquefied petroleum gas, xenon, and the like. A pres-
sure vessel 10 for storage of hydrogen for automotive
applications typically 1s designed for about 5,000 PSI to
about 10,000 PSI of internal pressure during normal use. In
comparison, pressure vessels 10 for storage of compressed
natural gas are typically designed for about 3,000 PSI of
internal pressure during normal use. Thus, the selection of
materials and dimensions for the liner 12, as well as the type
and amount of resin 18 and fiber 16, are selected based on
the desired operating conditions of the pressure vessel 10.

Type IV pressure vessels 10 may include a liner 12
comprising a polymer material with the liner 12 having a
tubular shaped section 30, 30a such as illustrated 1n FIG. 2.
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The liner 12 can include any size, shape, length, matenal,
and contour as desired for a specific application without
altering the scope of the ivention. The liner 12 shown 1n
FIGS. 2 through 4, according to one embodiment of the
present invention, 1s a polymer tube 12 comprising a number
of repeating liner sections 30, 30a. The liner 12 can include
any number of liner sections 30, 30a as desired for an
intended application, including a single liner section 30,
30a, two liner sections 30, 30q, four liner sections 30, 30a,
and the like. The liner 12 includes a liner wall 34, a liner
outer surface 34a, a liner inner surface 3454, a first end 38
having an inlet 38a, and a second end 42 having an outlet
42a. Optionally, the second end 42 may be enclosed, 1.e.,
may lack an outlet 42q. In addition, the second end 42 may
adjoin a first end 38 of a second liner section 30qa, as shown
in FIG. 3. Optionally, the liner 12 can include any number
of repeating liner sections 30, 30a with the liner 12 being cut
along line 44 to form separate liners 12 as desired. In the
embodiment shown 1n FIG. 2, each repeating liner section
30, 30a comprises a first small diameter corrugated section
46 adjoining a first small diameter non-corrugated section
48, a first tapered section 50 adjoining the first small
diameter non-corrugated section 48, a large diameter ribbed
section 54 adjoining the first tapered section 50, a second
tapered section 56 adjoining the large diameter ribbed sec-
tion 54, a second small diameter non-corrugated section 58
adjoining the second tapered section 56, and a second small
diameter corrugated section 62 adjoiming the second small
diameter non-corrugated section 38. However, 1t should be
appreciated that each repeating liner section 30, 30a can
include any combination, order, contour, length, diameter,
wall thickness, and/or number of corrugated sections 46, 62,

non-corrugated sections 48, 50, 56, 58, and ribbed sections
54, as well as omitting selected sections 46, 48, 50, 56, 58,
62, without altering the scope of the invention. For example,
in one embodiment, a liner section 30, 30a can comprise
non-corrugated sections 48, 58 adjacent each end 38, 42 of
the liner section 30, 30q. In another embodiment, the liner
sections 30, 30a can have a uniform outer diameter from one
end 38 to the opposing end 42 of the liner sections 30, 30aq.
In the exemplary embodiment shown in FIG. 2, the
repeating liner section 30, 30a has an approximate overall
length of about 1 meter. The large diameter tube section 54
has an outer diameter 66 of about 46 mm and extends
longitudinally for about 650 mm. Circumierential ribs and/
or grooves 70 are optionally positioned along the length of
the large diameter tube section 34. The small diameter
non-corrugated sections 48, 58 and the small diameter
corrugated sections 46, 62 have an outer diameter 74 of
about 21 mm. The approximate overall length of the small
diameter non-corrugated sections 48, 58 and the small
diameter corrugated sections 46, 62 are about 60 mm and
140 mm, respectively. Each tapered section 50, 56 has an
outer diameter 66 of about 46 mm on a first end 78, an outer
diameter 74 of about 21 mm on an opposing end 82, and an
overall length of about 75 mm. The wall thickness 110 of the
liner wall 34 1s generally between about 0.3 mm and about
1.2 mm, with non-corrugated sections 48, 58, 54 having wall
thickness 110 in the range of about 0.5 to about 1.2 mm and
a mimmum wall thickness 114 in the corrugated sections 46,
62 of about 0.3 mm. However, 1t will be appreciated that the
wall thickness 110, 114, outer diameter 66, 74, inner diam-
cter 74', length, and number of corrugated sections 46, 62
and non-corrugated sections 48, 58 of the liner 12 may be
larger or smaller than this range as desired for an intended
application without altering the scope of the invention.
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The liner 12 can comprise one or more layers ol materials
as desired for an intended application. Exemplary liner 12
materials include Nylon, Nylon 6 (PA6), high density poly-
cthylene (HDPE), polyethylene (DPE), ethylene-vinyl
acetate (EVA), linear low-density polyethylene (LLDPE),
low density polyethylene (LDPE), polypropylene (PP), eth-
ylene wvinyl alcohol (EVOH), polytetrafluoroethylene
(PTFE), polyurethane (PU), polyvinyl chloride (PVC), or
the like. Further, the liner 12 can comprise a multi-layer
polymer and/or metal. For example, such a liner 12 can be
generated via vapor deposition, multi-layer extrusion, and/or
molding, or the like. Thus, the liner 12 can comprise a single
material, such as Nylon as an example, or can comprise a
multi-layer material. Exemplary embodiments of a multi-
layer liner 12 include an EVOH layer between a first and
second nylon layer, an EVOH layer between first and second
polyethylene (DPE) layers, a EVAL™ ethylene vinyl alco-
hol copolymer (EVOH) LA170B layer between first and
second Rilsan® TIEFLEX S442 NAT TL layers sandwiched
between first and second Rilsan® polyamide 11 (PA11)
BESN Black P126 TL layers, as non-limiting examples. In
various embodiments a liner 12 can comprise or consist of
any suitable number of layers of materials including one
layer, two layers, three layers, four layers, five layers, six
layers, or the like. The liner 12 1s generally a polymer liner
12 that 1s non-metallic; however, the polymer liner 12 can
include a metal layer within the liner 12, forming an inner
surface 345, and/or forming an outer surface 34a of the liner
12.

As 1llustrated 1n FIGS. 3 and 4, corrugated sections 46, 62
include a plurality of spaced apart ridges 118, 118a extend-
ing circumierentially around the liner 12 with a groove 122
between adjacent ridges 118, 118a. In the corrugated sec-
tions 46, 62, the outer surface 118' of the ndges 118, 118a
define an outer diameter 74 of the liner 12 with the 1nner
surface 122' of the grooves 122 defining an imnner diameter
74' of the tube. A single corrugated segment 130 includes a
first ridge section 118, a first side wall 134 extending
between the first ridge section 118 and a first groove section
122, and a second side wall 136 extending between the first
groove section 122 towards a second ridge section 188a. Air
volume 142 between the first side wall 134, the first groove
section 122, and the second side wall 136 defines an annular
cavity 142. The corrugated sections 46, 62 of the liner 12
include a plurality of spaced apart corrugated segments 130.
The spacing between adjacent ribs 70, adjacent ridge sec-
tions 118, and/or adjacent groove sections 122 can vary
without altering the scope of the mmvention. Further, the
dimensions and/or contours of each of the ribs 70, ridges
118, 118a, grooves 122, and side walls 134, 136 may vary
without altering the scope of the mvention. In one embodi-
ment, one or more of the spaced apart ridges 118, 118a, one
or more of the ribs 70, and/or one or more of the grooves 122
optionally may extend partially around the circumierence of
the liner 12 without varying the scope of the invention.

Referring to FIG. 5, when the polymer liner 12 includes
corrugated segments 130, covering the corrugated liner 12
with liquid resin 18 and fiber 16 can trap air bubbles 150 in
the annular cavities 142 of the corrugated segments 130. The
liquid resin 18 can incompletely fill the annular cavities 142
during infusion steps of the manufacturing process. When
the resin 18 cures, rigid air pockets 154 form 1n the annular
cavities 142. The rigid air pockets 154 are caused by the
incomplete fill of the annular cavities 142 by the resin 18.
Air pockets 154 caused by trapped air bubbles 150 and/or
incomplete resin 18 fill of the annular cavities 142, generally
form along the groove 122 and/or along the side walls 134,

10

15

20

25

30

35

40

45

50

55

60

65

6

136 of the corrugated segments 130. In addition, sometimes
the fiber 16 1s laid down along the corrugated outer surtace
118, 118a of the liner 12 such that the fibers 16 do not
conform to the entirety of the liner’s 12 corrugated surface
118, 118a. The gaps between the fiber 16 and the liner 12 can
contribute to the formation of air pockets 154 along the outer
surface 34a of the liner 12.

Upon pressurization, the liner 12 may strain to failure at
the air pocket 154 locations, causing blisters 138 to form in
the polymer liner 12. Blisters 158 are sections of the liner 12
that have been distorted and wherein the thickness of the
liner wall 34 has been reduced. The blisters 158 1n the liner
12 allow pressurized gas to leak out of the liner 12. In certain
cases, the polymer liner 12 can rupture and/or form pin hole
leaks 158a at the locations of the blisters 158.

When the pressure vessel 10 1s pressurized, pressure 1s
uniformly distributed across the interior surface 345 of the
liner 12, as represented by arrow A shown in FIG. 6. The
fiber 16 and resin 18 apply resistive pressure, represented by
arrow B, against the outer surface 34a of the liner 12.
However, the fiber 16 and resin 18 provide insuilicient
resistive pressure against the outer surface 34a of the liner
12 where air pockets 154 have formed along the liner 12
outer surface 34a. As such, there will be an imbalance of
forces applied to the liner 12 adjacent the air pockets 154.
The imbalance of forces can allow the liner 12 to strain
locally beyond i1ts breaking point, causing leaks, as repre-
sented by arrow C shown 1n FIG. 6.

A method to prevent formation of rigid air pockets 154
within the annular cavities 142 of the corrugated segments
130 1s illustrated 1n FIGS. 7-11, according to one embodi-
ment of the present invention. A barrier 14 1s applied to the
corrugated segments 130 prior to application of resin 18 and
fiber 16 as illustrated in FIG. 7. The barnier 14 blocks
uncured resin 18 from entering the annular cavities 142
between the liner 12 and barrier 14.

The barrier 14 completely covers the corrugated segments
130 and surrounds the circumierence of the corrugated
segments 130. In addition, the barrier 14 can be applied to
selected corrugated segments 130 of the liner 12 comprising,
the corrugated sections 46, 62. Preferably, the barrier 14 1s
applied to the entirety of the corrugated sections 46, 62 with
the barrier 14 covering all the corrugated segments 130. In
addition, the barrier 14 can cover selected non-corrugated
sections 48, 50, 56, 38 of the liner 12 as well as covering
ribbed sections 54 of the liner 12. Further, the barrier 14 may
cover the entirety of the liner 12 11 desired. In a preferred
embodiment, the barrier 14 completely covers the entirety of
the liner wall 34, fully covering corrugated and non-corru-
gated liner sections 48, 50, 54, 56, 58, 62, without obstruct-
ing openings 38a, 42a of the liner 12.

The barrier 14 may be applied as a tape, a film, a sheet,
a wrap, and/or molded rubber, as non-limiting examples, to
form a barrier layer. Exemplary suitable barrier matenals
include thermoplastic materials, elastomeric materials, and
dry fiber 16, as non-limiting examples. Another suitable
barrier material 1s polysiloxane rubber sheet with a thickness
of about 0.5 mm and having an acrylic adhesive backing
layer, such as McMaster-Carr® 86913K22. Polyurethane
protective tape having a thickness of about 0.21 mm and
having a pressure-sensitive acrylic adhesive-back, such as
3IM™ R672 tape 15 an example of a suitable thermoplastic
clastomer tape for use as a barrier 14. Other suitable barrier
materials include polyurethane (PU), polytetratluoroethyl-
ene (PTFE), Nylon, synthetic rubber such as silicone, eth-
ylene propylene diene terpolymer (EPDM), and acrylonaitrile
butadiene rubber (Nitrile), and the like. Exemplary suitable
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barrier films 1nclude polyethylene, polypropylene and poly-
vinyl chloride, and the like. Further, the barrier 14 can be
formed by overmolding the barrier 14 onto the liner 12.
Suitable exemplary overmolded barrier materials include
synthetic rubber and plastics including nylon and silicone,
and the like. The barrier 14 can include adhesive backing
that 1s self-fusing, not self-fusing, and/or the barrier 14 can
omit an adhesive backing as desired for an mtended appli-
cation. A preferred embodiment includes a low-density
polyethylene stretch film barrier layer 14 wrapped tightly
over the liner 12 to form a water-tight seal.

Preferably, the barrier 14 comprises a relatively thin sheet,
film, and/or tape with thickness approximately 0.5 mm or
less, and more preferably about 0.25 mm or less. Further,
preferred barrier 1 materials have a high strain to break ratio,
such as at least about 150% strain to break ratio or larger.
However, certain barrier materials having a strain to break
ratio of less than 150% may be suitable for certain applica-
tions.

Further, 1t 1s desirable to select a barrier material that
adheres to the underlying liner 12 and is resistant to cure
temperatures of the resin 18. For example, for resin tanks
heated to about 250° F., seli-fusing barrier materials are
suitable, as well as barrier materials which soften or melt
together but do not flow, at temperatures reached during the
resin curing process. For example, low-density polyethylene
film does not melt entirely at 250° F. but adjacent layers of
the polyethylene film will fuse together.

In addition, 1t 1s desirable to select a barrier material that
has chemical compatibility with selected resin 18, 1.e., the
resin 18 preferably should not degrade the barrier material.
In addition to avoiding chemical immcompatibility, barrier
materials that cannot be adhered to the liner 12 matenal are
less desirable. For example, certain barrier materials and/or
adhesive backing materials are less desirable when the liner
12 includes an outer surface 34a of Nylon or polyethylene.
Preferably, the barrier 14 forms a water-tight seal with the
liner 12 to prevent intrusion of the liquid resin 18 into the
annular cavities 142.

The barrier 14 can be assembled and/or adhered with the
liner 12 with the barrier 14 smoothly extending along the
ridges 118, 118a of the corrugated segments 130 as shown
in FIG. 8. However, the barrier 14 can include outward
irregularities 166 such as bumps, bubbles, creases, and/or
folds and the like, as well as inward dips 166' 1into the
annular cavities 142, as 1llustrated 1n FIG. 9, without aftect-
ing the function of the barrier 14. An air void 182 1s formed
under the barrier 14 1n each of the annular cavities 142 of the
corrugated segments 130, as shown in FIG. 8. The space
between adjacent lower side wall portions 134, 136, the
barrier 14, and the groove 122 define an air void 182 1n the
annular cavity 142. The volume of the air void 182 may be
more or less than the volume of the annular cavity 142 in
cach corrugated segment 130 depending on the local contour
of the barrier 14. Outward rregularities 166 and dips 166' 1n
the barrier 14 affect the volume of the air voids 182. Even
if the barrier 14 intrudes into the annular cavity 142, an air
void 182 will still form between the barrier 14 and the liner
12 1n the corrugated segment 130.

While both air pockets 154 and air voids 182 include air
trapped 1n the annular cavity 142, air pockets 154 generally
extend along a portion of the annular cavity 142 with at least
an outer surface portion 186 of the air pocket 154 defined by
the liner 12 and at least another outer surface portion 190 of
the air pocket 154 defined by the resin 18 and/or fiber 16, as
illustrated 1n FI1G. 6. Further, the resin 18 forms rigid pockets
154 1n the annular cavities 142 during the cure process due
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to the presence of the air bubbles 150. In contrast, the air
volds 182 are defined by the barrier 14 and the liner 12, 1.¢.,
the resin 18 and/or wet fiber 16 do not define boundaries of
the air voids 182 since the air voids 182 are between the
barrier 14 and the liner 12, as illustrated in FIG. 8.

In one embodiment, resin fiber composite 170 1s applied
to the barrier 14, as illustrated 1in FIGS. 8 and 9. Resin fiber
composite 170 comprises a mixture of liquid resin 18 and
fiber 16. FIG. 10 1llustrates an embodiment wherein liquid
resin 18 1s applied to the barrier 14 followed by application
of fiber 16 to the resin 18. In contrast, FIG. 11 1illustrates a
fiber 16 layer applied to the barrier 14 followed by appli-
cation of resin 18 to the fiber 16 layer. With each of the three
methods shown in FIGS. 8-11, the barrier 14 prevents
intrusion of the resin 18 into the annular cavities 142 of the
corrugated segments 130. Air voids 182 are formed between
the barrier 14 and the liner 12 in the annular cavities 142.

The resin 18 and fiber 16 can be applied to the barrier 14
in typically known methods. Suitable resins 18 include
epoxy-based resins including Hexion™ EPON 862, viny-
lester resin, polyester resin, urethane, and the like. Suitable
fibers 16 include Hyosung™ H23550 12 k carbon fiber, other
carbon fibers, aramid fibers (Dupont™ Kevlar®, Teijin
Aramid Technora®, Teijin Aramid Twaron®, and the like),
Honeywell Spectra® fiber, polyethylene fiber, polyester
fiber, Nvlon fiber, a metal, glass fiber, and the like. In one
embodiment, thermoplastic fiber (i.e., Nylon) can be com-
mingled with carbon fiber.

An exemplary manufacturing method of a type IV pres-
sure vessel 10 according to the present invention includes
the steps of: a) providing a liner 12 having a corrugate
section 46, 62 comprising circumierential corrugations 130
providing alternating ridges 118, 118a and grooves 122
arranged from one end to an opposing end of the corrugated
section 46, 62; b) applying a barrier 14 to an outer surface
34a of the corrugated section 46, 62 from one end to the
opposing end of the corrugated section 46, 62 and extending
around the corrugated section 46, 62 circumierence such that
air voids 182 are formed 1n the annular cavities 142 between
the liner 12 and the barrier 14; ¢) applying liquid resin 18 to
an outer surface 14q of the barrier 14 completely coating the
outer surface 14a of the barrier 14; d) assembling the coated
liner 12 with a valve 22 to form a pressure vessel 10; and ¢)
curing the liquid resin 18 to form cured resin 18. The
exemplary manufacturing method optionally includes the
steps of applying fiber 16 to the barrier 14 prior to and/or
alter applying resin 18 to the barrier 14. Further, the exem-
plary manufacturing method optionally includes mixing
fiber 16 with the liquid resin 18 prior to applying a resin fiber
composite 170 mixture to the barrier 14. Optionally, the
exemplary manufacturing method includes the step of adher-
ing and/or fusing the barrier 14 to itself 14 and/or to the liner
12 before, during, and/or after the resin 18 1s cured. Further,
the exemplary manufacturing method altematwely includes
the step curing and/or hardening the liquid resin 18 to form
cured resin 18 prior to assembling the coated liner 12 with
the valve 22 to form a pressure vessel 10.

FIG. 12 1llustrates resin fiber composite 170 assembled
with the barrier 14 on a corrugated section 46, 62 of the liner
12. In the embodiment shown in FIG. 12, a first portion 1664
of the barrier 14 follows the outer contour of the liner 12, a
second portion 166' of the barrier 14 intrudes into the
annular cavity 142 of the liner 12, and a third portion 166
gaps away Ifrom the liner 12. The volume of the air voids
182a-182¢ that form 1n each annular cavity 142 under the
barrier 14 may vary depending on the localized contour of
the barrier 14 without varying the scope of the invention.
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When the liner 12 1s assembled 1nto a pressure vessel 10
and the pressure vessel pressurized 10, pressure D applied to
the corrugated liner 12 1s generally distributed uniformly
across a majority of the side walls 134, 136 and the grooves
122 of the liner 12, as represented by arrow D shown 1n FIG.
12. The potential for leaks and ruptures of the liner 12 1s
reduced 1 comparison to a pressure vessel 12 lacking the
barrier 14 since the resin fiber composite 170 evenly sup-
ports the liner 12, as represented by arrow E, and as further
described below. The barrier 14 prevents localized elevated
strain on the liner 12 by eliminating the rigid air pockets 154
in the resin 16 1n the annular cavities 142.

FIGS. 13A and 13B illustrate the effect of pressurization
on the corrugated segment 130 of the liner 12 when a
thermoplastic barrier 14 1s applied to the liner 12 prior to
application of the resin fiber composite 170. F1G. 13 A shows
the annular space 142 of the corrugated segment 130 of liner
12 containing an air void 182 under the thermoplastic barrier
14 as manufactured and before pressure 1s applied to the
liner 12. FIG. 13B illustrates the eflect of pressurization on
the liner 12. Upon pressurization, illustrated by arrow D, the
liner 12 expands until the liner 12 1s 1n contact with either
itself 12 or the barrier 14, at which point the liner 12 1s fully
supported without experiencing damaging amounts of strain.
The annular cavity 142 1s collapsed by the expanding liner
12 as illustrated by FIG. 13B. Further, as 1llustrated 1n FIG.
13B, the distance between the opposing side walls 134, 136
decreases as the pressure 1s applied to the liner 12. The
barrier 14 generally retains its shape since 1t 1s thermoplastic
and not elastomeric.

FIGS. 14A and 14B 1llustrate the effect of pressurization
on the corrugated liner 12 when an elastomeric barrier 14 1s
applied to the liner 12 prior to application of the resin fiber
composite 170. F1G. 14A shows the annular space 142 of the
corrugated segment 130 of the liner 12 containing an air void
182 under the elastomeric barrier 14 as manufactured and
betore pressure 1s applied to the liner 12. FIG. 14B illustrates
the eflect of pressurization on the liner 12. Upon pressur-
ization, illustrated by arrow D, the liner 12 expands until the
liner 12 1s 1n contact with eitther itself 12 or the barrier 14
material, at which point the lmmer 12 1s fully supported
without experiencing damaging amounts of strain. However,
since the barrier 14 1s elastomeric, the expansion of the liner
12 towards the barrier 14 forces some of the elastomeric
barrier 14 material into the annular space 142, as illustrated
in FI1G. 14B. Thus, the amount the liner 12 collapses into the
annular space 142 1s somewhat diflerent for the thermoplas-
tic barrier 14 1n comparison to the elastomeric barrier 14.
Regardless of whether an elastomeric or thermoplastic bar-
riecr 14 1s applied to the liner 12, the lmer 12 1s fully
supported by the barrier 14 or by another surface of the liner
12 when the pressure vessel 10 1s pressurized.

FIGS. 15A and 15B are cross-sectional views of a corru-
gated polymer liner 12 before and after pressurization,
respectively. Referring to FIG. 15A, the liner 12 1s covered
with polyurethane tape barrier 14 prior to application of the
resin fiber composite 170. The annular cavities 142 of the
corrugated segments 130 contain air voids 182 under the
barrier 14. The polyurethane tape barrier 14 1s an elasto-
meric material. The resin fiber composite 170 presses the
barrier 14 partially into the annular cavities 142. The resin
fiber composite 170 comprises liquid resin 18 and fiber 16.
The barrier 14 prevents intrusion of resin 18 between the
barrier 14 and the liner 12.

FIG. 15B shows the eflect of pressure cycles between on
the liner 12, the barrier 14, and the resin fiber composite 170
of FIG. 15A. The pressure vessel 10 was subjected to
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approximately 2,800 pressure cycles between 2 MPa to 87.5
MPa (290 PSI to 12,691 PSI). The elevated pressure causes
the liner 12 to be pressed against the resin fiber composite
170 with the liner 12 collapsing inward towards the air voids
182 1n the annular cavities 142. The outward expansion of
the liner 12 causes the polyurethane tape barrier 14 to be
pressed into the annular cavities 142, displacing any air
trapped 1n the air voids 182. As illustrated 1n FIG. 15B, the
air voids 182 have greatly decreased 1n size to the point of
being indistinguishable. The liner 12 1s generally uniformly
distorted with no apparent localized thinming of the liner
wall 34. Thus, using a barrier 14 prevents 1ntrusion of resin
18 in the annular spaces 142 and prevents formation of rigid
air pockets 154 in the annular cavities 142. The barrier 14
allows the liner 12 to be strained uniformly, avoiding blisters
158 1n the liner wall 34.

FIGS. 16 A and 16B illustrate the effect of pressurization
on a corrugated segment 130 of the liner 12 when a dry fiber
16 barrier 14 1s applied to the liner 12 prior to application of
the resin 18 and additional fiber 16. Instead of applying a
separate barrier 14 of a thermoplastic or elastomeric mate-
rial, dry fiber 16 can be applied to the liner 12 of suflicient
thickness to prevent resin 18 intrusion into the annular
cavities 142.

FIG. 16A illustrates a corrugated segment 130 of the liner
12 coated with dry fiber 16 barrier 14 followed by applica-
tion of resin 18. The first one or more layers of dry fiber 16
may be deposited onto the liner 12 without the infusion of
resin 18, allowing the dry fibers 16 to wick up resin 18
(represented by area 18a) that 1s infused with subsequent
layers of fiber 16 to stop the resin 18 from reaching the
annular cavities 142 of the liner 12. Selecting a sufliciently
thick dry fiber 16 barrier 14 layer will prevent intrusion of
the resin 18 into the annular cavities 142. As illustrated in
FIG. 16A, the annular cavity 142 of the corrugated segment
130 of the liner 12 contains an air void 182 under the dry
fiber 16 barrier 14 as manufactured before pressure 1is
applied to the liner 12.

FIG. 16B illustrates the eflect of pressurization on the
liner 12 coated with the dry fiber 16 barrier 14 and resin 18.
Upon pressurization, illustrated by arrow G, the liner 12
expands until the liner 12 1s 1n contact with either itself or
the dry fiber 16 barrier 14, at which point the liner 12 1s tully
supported without experiencing damaging amounts of strain.
The annular cavity 142 1s collapsed by the expanding liner
12 as 1illustrated by FIG. 16B. As such, the dry fiber 16
barrier 14 acts similar to the thermoplastic barrier 14 shown
in FIG. 13B.

Regardless of whether an elastomeric, thermoplastic, or
dry fiber 16 barrier 14 1s applied to the liner 12 prior to the
addition of resin 18, the liner 12 1s fully supported by the
barrier 14 or itself when the pressure vessel 10 1s pressur-
1zed. The thermoplastic and elastomeric barriers 14, as well
as the method of depositing the first layer(s) of dry fiber 16
onto the liner 12 without resin 18, prevent resin 18 intrusion
into the annular cavities 142 between the liner 12 and the
barrier 14. Since resin 18 does not intrude between the
barrier 14 and the liner 12, the resin 18 cannot cure 1nto rigid
pockets 154 1n the annular cavities 142.

Alternatively, adding a wetting additive, an air-release
agent, and/or a defoaming agent to the resin 18 improves the
ability of the resin 18 to fill the annular cavities 142 between
the liner 12 and the fibers 16 without creating air pockets
154 and without requiring a separate barrier 14, as shown 1n
FIGS. 17A and 17B. Adding a wetting additive increases the
resin’s 18 ability to wet the surface of the liner 12 1n the 122
of the corrugated segments 130. Further, the wetting addi-
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tive, the air-release agent, and/or the defoaming agent dis-
sipate air bubbles 150 and allow the resin 18 to completely
fill the annular cavities 142 of the lmer 12. FIG. 17A
illustrates the liner 12 coated with resin 18 containing a
wetting additive and coated with a layer of fiber 16 prior to
application of pressure. FIG. 17B illustrates the eflect of
pressurization on the liner 12 coated with the resin 18 mixed
with the wetting additive and covered with fiber 16. The
liner 12 1s mmimally affected by application of pressure
(1llustrated by arrow ) since the liner 12 1s evenly sup-
ported by the cured resin 18 that fully fills the annular
cavities 142. The liner 12 1s less likely to blister since resin
18 completely fills the annular cavities 142 to preclude
formation of rigid pockets 154 during the curing process.

One exemplary suitable additive 1s a mixture of oligo-
meric substances with wetting agents, such as BYK®
BYK-P 9920. A second suitable additive 1s a solvent-iree air
release additive with wetting properties, such as BYK®
BYK-S 732. Other suitable additives include polyether-
modified methyl alkyl polysiloxane copolymer, and the like.

One benefit of a pressure vessel 10 having a barrier 14
between the corrugated section 46, 62 of the liner 12 and the
resin 18 1s the pressure vessel 10 1s resistance to leakage
through the corrugated sections 46, 62. A second benefit 1s
the barrier 14 prevents the formation of rigid air pockets 154
in the resin 18 1n the grooves 122 of the corrugated section
46, 62. A third benefit 1s the barrier 14 creates an air void 182
within each of the annular cavities 142 such that the side
walls 134, 136 and groove 122 portions of the annular
cavities 142 are evenly supported when the pressure vessel
10 1s pressurized. A fourth benefit 1s the barrier 14 prevents
contact between the resin 18 and the liner 12.

The mvention has been described in an illustrative man-
ner, and 1t 1s to be understood that the terminology, which
has been used, 1s intended to be 1n the nature of words of
description rather than of limitation. Many modifications
and variations of the present invention are possible in light
of the above teachings. It 1s, therefore, to be understood that

within the scope of the appended claims, the invention may
be practiced other than as specifically described.

What 1s claimed 1s:

1. A method for manufacturing a type IV pressure vessel
for containing liquids and/or gases under pressure, said
method comprising:

providing a polymer liner having a tubular portion

wherein said tubular portion includes a corrugated
section having circumierential corrugations providing
alternating ridges and grooves arranged ifrom one end
to an opposing end of said corrugated section, each of
said circumierential corrugations comprising a first
ridge section, a first side wall extending between said
first ridge section and a first groove section, and a
second side wall opposing said first side wall and
extending between said first groove section and a
second ridge section, wherein air volume between said
first side wall, said first groove section, and said second
side wall defines an annular cavity on an outer surface
of said corrugated section;

applying a barrier to said outer surface of said corrugated

section from said one end to said opposing end of said
corrugated section and extending around said corru-
gated section circumierence such that air voids are
formed 1n said annular cavities between said liner and
said barrier; and
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applying fiber and resin to an outer surface of said barrier
wherein said barrier prevents intrusion of said resin
between said barrier and said liner 1n said corrugated
section;

curing said resin; and

pressurizing said polymer liner;

wherein upon pressurization, said polymer liner expands
and said annular cavities are collapsed by said expand-
ing polymer liner such that the distance between said
opposing lirst and second side walls decreases as
pressure 1s applied to said polymer liner.

2. The method as set forth in claim 1, wherein said
polymer liner comprises one or more of Nylon, ethylene-
vinyl acetate (EVA), linear low density polyethylene (LL-
DPE), low-density polyethylene (LDPE), high density poly-
cthylene (HDPE), polypropylene (PP), ethylene vinyl
alcohol (EVOH), polytetrafluoroethylene (PTFE), polyure-
thane (PU), and/or polyvinyl chloride (PVC).

3. The method as set forth 1n claim 2, wherein said resin
comprises one or more of an epoxy resin, a vinylester resin,
a polyester resin, and/or urethane.

4. The method as set forth 1n claim 3, wherein said fiber
comprises one or more of carbon fiber, aramid {fiber, poly-
ester fiber, polyethylene fiber, Nylon fiber, a metal, and/or
glass fiber.

5. The method as set forth 1n claim 4, wherein said barrier
1s one or more of a tape, a film, a sheet, a wrap, and/or
molded rubber.

6. The method as set forth in claim 5, wherein said barrier
1s one or more of polysiloxane, polyurethane (PU), polytet-
rafluoroethylene (PTFE), Nylon, synthetic rubber, silicone,
cthylene propylene diene terpolymer (EPDM), polyethylene
(DPE), polypropylene (PP), polyvinyl chloride (PVC), and/
or acrylonitrile butadiene rubber (Nitrile).

7. The method as set forth 1n claim 6, wherein said barrier
1s an elastomeric material.

8. The method as set forth 1in claim 7, wherein said liner
expands until said liner 1s 1n contact with either itself and/or
said barrier after pressurization of said pressure vessel and
said barrier fills said annular cavities.

9. The method as set forth 1n claim 6, wherein said barrier
1s a thermoplastic material.

10. The method as set forth 1n claim 9, wherein said liner
expands until said liner 1s 1n contact with either 1tself and/or
said barrier after pressurization of said pressure vessel.

11. The method as set forth in claim 6, wherein said
barrier 1s self-fusing.

12. The method as set forth in claim 6, wherein said
barrier includes an acrylic adhesive backing layer.

13. The method as set forth in claim 4, wherein said
barrier comprises a one or more layers of dry fiber prevent-
ing intrusion of said resin 1nto said annular cavities.

14. A type IV pressure vessel for containing liquids and/or
gases under pressure, said pressure vessel comprising:

a polymer liner having a tubular shaped section extending,
in a longitudinal direction and including a corrugated
section having circumierential corrugations providing
alternating ridges and grooves arranged from one end
to an opposing end of said corrugated section, each of
said circumierential corrugations comprising a first
ridge section, a first side wall extending between said
first ridge section and a {first groove section, and a
second side wall opposing said first side wall and
extending between said first groove section and a
second ridge section, wherein air volume between said
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first side wall, said first groove section, and said second
side wall defines an annular cavity on an outer surface
of said corrugated section;

a barrier layer adjacent said corrugated section, extending,
around an outer circumierence of said corrugated sec-
tion, and extending from said one end to said opposing
end of said corrugated section; and

fiber and resin coating an outer surface of said barrier
layer, extending around an outer circumierence of said
barrier layer, and extending from said one end to said
opposing end of said corrugated section;

wherein said barnier layer prevents resin 1ntrusion
between said barrier layer and said corrugated section;
and

wherein said liner expands 1n response to pressurization
of said pressure vessel and said annular cavities are
collapsed by said expanding liner such that the distance
between said opposing first and second side walls
decreases as pressure 1s applied to said liner.

15. The pressure vessel as set forth in claim 14, wherein
said polymer liner comprises one or more of Nylon, ethyl-
ene-vinyl acetate (EVA), liner low density polyethylene
(LLDPE), low-density polyethylene (LDPE), high density
polyethylene (HDPE), polypropylene (PP), ethylene vinyl
alcohol (EVOH), polytetrafluoroethylene (PTFE), polyure-
thane (PU), and/or polyvinyl chlornide (PVC).

16. The pressure vessel as set forth 1n claim 15, wherein
said resin layer comprises one or more of an epoxy resin, a
vinylester resin, a polyester resin, and/or urethane.

10

15

20

25

14

17. The pressure vessel as set forth 1n claim 16, wherein
said fiber 1s one or more of carbon fiber, aramid fiber,
polyester fiber, polyethylene fiber, Nylon fiber, a metal,

and/or glass fiber.
18. The pressure vessel as set forth 1n claim 17, wherein
said barrier layer 1s a tape, a film, a sheet, a wrap, and/or

molded rubber.

19. The pressure vessel as set for in claim 18, wherein said
polymer liner 1s a multi-layer liner.

20. The pressure vessel as set forth 1n claim 19, wherein
said barrier layer comprises one or more of one or more of
polysiloxane, polyurethane (PU), polytetrafluoroethylene
(PTFE), Nylon, synthetic rubber, silicone, ethylene propyl-
ene diene terpolymer (EPDM), polyethylene (DPE), poly-
propylene (PP), polyvinyl chloride (PVC), and/or acryloni-
trile butadiene rubber (Nitrile).

21. The pressure vessel as set forth 1n claim 19, wherein
said barrier layer comprises one or more layers of dry fiber
preventing intrusion of said resin layer into said annular
cavities.

22. The pressure vessel as set forth 1n claim 16,

wherein said resin includes a wetting additive.

23. The pressure vessel as set forth 1n claim 22, wherein
said wetting additive 1s one or more of BYK® BYK-P 9920,
BYK® BYK-S 732, a solvent-free air release additive with
wetting properties, and/or polyether-modified methyl alkyl
polysiloxane copolymer.
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